). lytic center, two clusters of acidic residues, one comprising Glu40, Asp44, Asp 107, and Glu110, and another
We generated mutations in all human Dicer and EcRNase III residues implicated in the catalysis and studresidues Glu37 and Glu64, would be responsible for cleavage of individual diester bonds. The former four ied their effect on processing of dsRNA and hairpin substrates. Our results demonstrate that both enzymes residues coordinate single metal ions, Mn 2ϩ or Mg 2ϩ , present in each enzyme monomer. Based on the spacing have only one dsRNA processing center, containing two catalytic sites and generating products containing of the catalytic centers, the model predicts generation of 9 bp products with 2 nt 3Ј overhangs, consistent with 3Ј-protruding ends. We also studied sedimentation properties of the human Dicer and the effect of mutathe size of products generated by RNase III in vitro (Blaszczyk et al., 2001) . tions in its PAZ and dsRBD domains. Collectively, our data indicate that Dicer functions as an intramolecular The bacterial RNase III structure and activity models raised many speculations regarding the mechanism of dimer of RIIIa and RIIIb domains, assisted by two RNA gives a clearer readout, mutants 44b and 110b yielded For insight into the mechanism of Dicer cleavage we lower levels of ‫12ف‬ nt RNAs and also products of ‫92ف‬ generated single amino acid mutations in its residues nt, while mutants 44a and 110a only generated products equivalent to the Glu37, Asp44, Glu64, and Glu110, having length of 25-27 nt. Notably, each pair of mutants which have been proposed to comprise the catalytic appeared to generate a subset of products formed by centers in Aa-RNase III. With the exception of Dicer the wt enzyme ( Figure 2B , and see below). residue Pro1731, which was substituted by glutamine, We also generated three sets of double mutants in all other residues were changed to alanine. To simplify Dicer RIII domains. Mutants 44a110a and 44b110b commutant description and to facilitate comparison of the bine mutations 44 and 110 in Dicer domains RIIIa and Aa-RNase III, Ec-RNase III, and human Dicer data, we RIIIb, respectively. Mutants 44ab and 110ab combine follow the Aquifex protein numbering and refer to the mutations in equivalent positions in each Dicer RIII dotwo RNase III domains of Dicer as RIIIa and RIIIb. Acmain, and mutants 37ab and 64a37b are combinations cordingly, mutations in Dicer residues Glu1313, of mutations which had no apparent effect on Dicer Asp1320, Glu1340, and Glu1652 are referred to as 37a, activity. 44ab110ab is a quadruple mutant combining 44a, 64a, and 110a, respectively, and mutations in resimutations 44a110a and 44b110b. Mutants 44ab and dues Gln1702, Asp1709, Pro1729, and Glu1813, as 37b, 110ab, and the quadruple mutant were found to be com44b, 64b, and 110b, respectively (for summary of all RIII pletely inactive, while other double mutants mimicked domain mutations, see Figure 1D ). Mutant proteins were precisely the activity of the single amino acid mutants overexpressed in insect cells and purified as described from which they were derived; identical results were previously (Zhang et Processing of the internally labeled pre-let-7 RNA by The most straightforward interpretation of the data the wt protein yielded the double-stranded siRNA-like presented above is that residues equivalent to the Aaproduct, as established by gel electrophoresis under RNase III Asp44 and Glu110 of both Dicer RNase III nondenaturing conditions ( Figure 3A ). Analysis of prodomains are part of one processing center responsible cessing of pre-let-7 RNA, terminally labeled at either the for the dsRNA cleavage, with residues of the domain 5Ј or 3Ј end, by different Dicer mutants revealed that RIIIa being required for the cleavage of one RNA strand the cleavage is unaffected by mutations 37a, 64a, 37b, and residues of RIIIb for the nearby cleavage of the and 64b, and that mutations 44a and 110a, and 44b and second strand, resulting in the formation of products 110b strongly inhibit processing at adjacent sites on the with 3Ј overhangs. This conclusion is further supported descending and ascending hairpin arms, respectively by analysis of terminally labeled 50 bp substrate pro-( Figures 3B and 3C ). These data corroborate conclucessing by Dicer mutants ( Figure 2D ; for autoradiogram sions derived from the dsRNA substrate experiments. of the gel, see Supplemental Figure S3 available on Cell Collectively, they demonstrate that residues equivalent website). This analysis also provides an explanation for to the Aa-RNase III Asp44 and Glu110 of both Dicer RIII the differences in the length of processing products of domains are part of one processing center containing the internally labeled 50 bp dsRNA generated by the two RNA cleavage sites functioning independently of RIIIa and RIIIb domain mutants (see Figure 2B ). Since each other, and that amino acids equivalent to Aainactivating mutations in domain RIIIa, 44a and 110a, RNase III residues Glu37 and Glu64 are not essential for prevent cleavage at sites separated by ‫12ف‬ nt from RNA the catalysis. The data also indicate that during both 3Ј-hydroxyl ends (sites shown in red in Figure 2D The Dicer mutagenesis and dsRNA and pre-miRNA procleavage at sites close to the center of the dsRNA (sites cessing data are inconsistent with the proposed model shown in green in Figure 2D) , and only the products of of dsRNA cleavage by the bacterial RNase III. They are processing at sites on the complementary RNA strands also in conflict with some previous experimental data indicating that the Ec-RNase III residues equivalent to (shown in red in Figure 2D ) accumulate; these products cleaved all substrates in a manner similar to the wt amino acid mutants of Ec-RNase III (Glu38Ala, Asp45Ala, Glu65Ala, and Glu117Ala, referred to as 37ec, protein, while mutants 44ec and 110ec were inactive. These findings are consistent with the results of Dicer 44ec, 64ec, and 110ec, respectively; see Figure 1D ), in positions corresponding to Aa-RNase III residues Glu37, mutagenesis and indicate that the bacterial RNase III, which functions as a homodimer, also has only one Asp44, Glu64, and Glu110, were constructed and proteins overexpressed and purified ( Figure 4A ). Their activprocessing center, with the Ec-RNase III residues Asp45 and Glu117 (equivalent to Aa-RNase III residues Asp44 ity was compared with that of the wt protein, using dsRNA, R1.1 RNA, and R1.1[WC] RNA as substrates. and Glu110) of each monomer contributing to the cleavage of two diester bonds separated by two base pairs R1.1 and R1.1[WC] RNAs, shown in Figure 4E , represent well-characterized Ec-RNase III substrates. R1.1 RNA and present on opposite RNA strands. We used the R1.1 single cleavage substrate to comcorresponds to the phage T7 RNA fragment processed only at the descending arm of the hairpin, and R1.1 [WC] pare kinetic parameters of the wt Ec-RNase III with that of its mutants 37ec and 64ec. V max values for all three RNA is modified such that it is processed at both hairpin arms (Li and Nicholson, 1996; Nicholson, 2003) .
proteins were similar but K m values for mutants 37ec and 64ec were, respectively, 5 and 3 times higher than Reactions with the internally labeled 70 bp ( Figure  4B ) and 50 bp (data not shown) dsRNAs revealed that the 137 nM value determined for the wt enzyme (Supplemental Table S1 available on Cell website), suggesting mutations 44ec and 110ec very strongly compromise activity of the enzyme; low levels of products and intera small deficiency in the substrate binding. It is possible that this deficit of mutant proteins is an underlying factor mediates were only observed when a large excess of mutant proteins was used. This is consistent with the explaining the inability of similar mutants to process the N-lacZ reporter in vivo as reported by Blaszczyk et al. previous findings that mutation of Glu117 (residue substituted in the 110ec mutant) strongly inhibits activity (2001). (We note that in this work only one of the Glu residues was mutated to alanine; the other was mutated of the E. coli enzyme (Nicholson, 2003 ; and references therein). In contrast, mutants 37ec and 64ec showed activto valine.) Since the N-lacZ reporter processing was measured following the shift of bacteria to 42ЊC (Blaszity comparable with that of the wt protein ( Figure 4B ). for the stepwise excision of the ‫02ف‬ bp segments by an enzyme with a single processing center. behaves as a monomer rather than a dimer, also when associated with the substrate, we propose that the two In most Dicer proteins, the two RIII domains are flanked by the PAZ and dsRBD domains, positioned interacting RIII domains originate from a single Dicer molecule. Bacterial and fungal RNases III assemble into N-and C-terminally, respectively (see Figure 1A) . The PAZ domains of Dicer and PPD proteins were originally dimers in the absence of substrate and X-ray analysis has revealed the important contribution of hydrophobic thought to mediate interaction between these proteins, but recent work has shown that RIII and Piwi domains interactions to this process ( sures the distance between the substrate terminus and
